Abstract Adequate knowledge about consumptive use of water (actual evapotranspiration, ET) by wheat on a regional scale is a prerequisite in the intensively irrigated region of western Uttar Pradesh, India. Satellite observations supplemented with routine meteorological data provide a unique capability to estimate actual evapotranspiration over large areas needed for irrigation management and water balance. The surface energy balance algorithm for land (SEBAL) was applied to time series of MODIS level 3 data of reflectance and surface temperature measurements for estimation of actual ET on a pixelby-pixel basis. Results showed that satellite observations with meteorological information could yield satisfactory estimates of spatially distributed ET in wheat. Actual ET estimates of wheat were found to be lower during the early crop growth period than during the peak crop growth and senescence stages. Remotely sensed estimates from SEBAL match the expected differences in ET values between open water bodies and wheat. The possible reasons for the large deviation in actual ET estimation using the MODIS sensor are the coarse resolution (1 km) of thermal bands and the lack of sunshine hours data to accurately estimate solar radiation as input. However, the free availability of standard MODIS products enables operational use for end-user applications related to agricultural water management.
INTRODUCTION
The growing world population needs more food, while less water is available for agriculture. The water stress can only be overcome if water is managed more effectively to maximize crop yield per unit of water consumed. Wheat (Triticum aestivum L.) is an important food crop in India and is cultivated in different agroecological regions of northern, eastern and central parts of the country occupying 25.4 × 10 6 ha. Under normal conditions, four to six irrigations are recommended for optimum wheat production in India (Singh, 1991) . Since 95% of wheat produced in India is irrigated, particularly in Punjab, Haryana and western Uttar Pradesh (UP), a comprehensive knowledge of the consumptive use of water (actual evapotranspiration, ET a ) by the wheat crop at the regional scale is necessary to understand whether irrigation schedules are appropriate. Evapotranspiration (ET) is the term applied to the removal of water through a combination of direct evaporation and vegetation transpiration. Evapotranspiration varies widely through both space and time, along with the biological and meteorological factors that drive it. Spatial and temporal heterogeneity of vegetation cover and function, as well as differences in available energy and water, all influence the rate at which ET occurs. At present, in most cases, regional values of maximum crop ET (ET c ) are estimated by models using standard meteorological network data and land-use characteristics as inputs (Doorenbos & Pruit, 1977; Allen et al., 1998) . Most of these methods are based on point data, which do not provide good estimation of ET for larger areas. The scintilometer is an instrument which can provide spatially distributed actual evapotranspiration over 1-5 km areas (De Bruin et al., 1996) . Hydrological models such as SWAP are well suited to map distributed ET (Droogers, 2000) , but need considerable expertise in model use and extensive field data to correctly simulate ET at the regional scale. Satellite remote sensing provides information on surface radiative properties, surface temperature and vegetation cover at the regional scale. Hence, remotely sensed information, along with ancillary meteorological data, provides the capability to estimate ET a on a pixel-bypixel basis. The close dependence of surface temperature (T s ) on evaporation rates makes satellites (NOAA AVHRR, MODIS) with thermal bands well suited for ET mapping. Many researchers (e.g. Vidal & Perrier, 1989; Bastiaanssen, 1995; Granger, 1997) have developed methodologies by combination of satellite images and meteorological data for large areas.
The determination of actual evapotranspiration of specific crops needs acquisition and routine processing of daily images, which seems time consuming and expensive. The availability of standard MODIS data products (surface temperature, surface reflectance) from the EOS Data Gateway (http://eos.nasa.gov/imswelcome/) at no cost makes them a viable alternative for operational estimation of evapotranspiration. This study focuses on the estimation of actual ET using the surface energy balance algorithm for land (SEBAL) by Bastiaanssen et al. (1998) . SEBAL is a thermodynamically based model, which partitions between sensible heat flux and latent heat of vaporization flux. The main objectives of this paper are: (a) to study the feasibility of using MODIS to compute spatially distributed actual evapotranspiration of wheat; and (b) to compare results of remotely sensed daily ET with those of Penman and pan evaporation methods.
STUDY AREA AND DATA
Western Uttar Pradesh (UP)-comprising Meerut, Ghaziabad, Gautambudhnagar, Bagpath and Muzaffarnagar districts (26.4-30.21ºN; 77.3-80.4ºE )-is known for input-intensive agriculture. The soils of western UP are alluvium, coarse to medium in texture and moderately alkaline in reaction. The region consumes approximately 41% of the total NPK fertilizer utilized in the state and contributes 34% of the total food grain production in the state. Double cropping is a common practice in about 57% of the area. Irrigation facilities exist for about 91% of the area indicating that opportunities are available to increase cropping intensity. The cropping intensity (net sown area/total cultivable area) of this region is 157%, which is higher than the state average of 147% (crops are grown on the same piece of land twice in a year). Wheat is the dominant crop grown during the rabi (November-April) season. Irrigation has played a pivotal role in increasing wheat productivity in this region. The wheat yield in different districts of western UP ranges from 3.2 to 3.8 t ha -1 . The wheat crop in this region is sown by the end of November and is harvested during mid-April. A small amount of precipitation occurs during dry spells of winter months and provides a boost to the wheat crop.
Multi-date remote sensing data of WiFS (Wide Field Sensor) on-board IRS (Indian Remote Sensing) 1D satellite were used for crop classification. The WiFS data, having 188-m resolution and two spectral bands in the red (620-680 nm) and near-infrared (NIR-770-860 nm) regions during November 2002 and March and April 2003 were acquired. The other satellite data consist of a set of 15 MODIS 8-day composite images of surface reflectance at red and NIR wavelengths with 250-m spatial resolution and daily land surface temperature with 1-km resolution on selected Julian days (JD) corresponding to 8-day composite of reflectances. These standard level 3 products were acquired from EOS Data Gateway using ftp pull protocol. Daily data on maximum and minimum temperature, wind speed and humidity were collected for six stations, namely Bagpath, Karnal, Delhi, Meerut, Muzaffarnagar and Bulandsahar. These stations fall within the study area and its surroundings. The study area shown in Fig. 1 is divided into small administrative units named tehsil. Daily pan evaporation was also obtained from Karnal station for comparison with remotely sensed ET estimates from SEBAL.
METHODOLOGY

Physical approach
Estimation of surface energy balance under negligible advective conditions with remotely sensed data depends upon the evaluation of the following equation:
. (1) where R n is the net radiation (W m -2 ); λE is the latent heat flux (W m -2 ); H is the sensible heat flux (W m -2 ); and G is the soil heat flux (W m -2 ). The sign convention used here is that λE, H and G are positive when directed away from the land surface and R n is considered positive when radiation is absorbed at the land surface.
Instantaneous net radiation (R n ) values in the applied SEBAL method were derived from incoming global radiation and spatially variable reflectances and emittance of radiation. The incoming terms are taken from ground data and the outgoing terms from remote sensing by estimating surface albedo (α), surface emmisivity and the surface temperature from MODIS. Surface albedo was derived by equal weighting of reflectance in NIR and red bands of 8-day composite images obtained from the MODIS sensor. This constant albedo was based on the assumption that vegetation cover does not change much within an 8-day period. Net radiation (R n ) is modelled as the sum of incoming and outgoing radiation components derived on the basis of astronomical equations together with estimation of atmospheric transmittance (τ sw ) and α. Incoming longwave radiation is modelled on the basis of overpass time air temperatures (T a ) and considered to be constant over the area. Outgoing longwave radiation is derived with the help of surface temperature (T s ) and an estimation of the surface emissivity (ε) by averaging the emissivity values of Band 31 (10.78-11.28 μm) and Band 32 (11.77-12.27 μm) contained within the MODIS land surface temperature product. The calculation of net radiation and soil heat flux was done after Bastiaanssen (1995) .
The instantaneous sensible heat flux (H) is computed from the vertical difference (δT a ) between the surface temperature (T s ) of MODIS and the reference height air temperature (T a ), and the formulation of a bulk aerodynamic resistance to heat transport (r a ) (in W m -2 ):
where ρ is the density of air (kg m -3 ), C p is the heat capacity of air (~1013 J kg -1 K -1 ), and r a is the aerodynamic resistance (s m -1 ). Assuming neutral conditions, aerodynamic resistance (r a ) is achieved by:
where z is the height of meteorological measurements (m), Z 0 is the roughness length (m), d is the zero-plane displacement height (m), k (= 0.41) is the Von Karman constant and U is the wind speed (m s -1 ) measured at 3 m height. The roughness length and the displacement height are derived from canopy height.
The latent heat flux (λE) is then obtained as a residual of the energy balance equation:
The conversion of instantaneous flux values determined above for a particular satellite overpass time to daily evapotranspiration rate is done by evaporative fraction (EF), which is given as:
where EF indicates the part of available energy used for evapotranspiration. As long as moisture is available, energy will be used for its evaporation. With no moisture left, all available energy will be directed into the sensible heat flux and EF approaches zero. Thus, the evaporative fraction integrates the moisture availability in the root zone and the consumption of available water by plants without it being necessary to know the actual amount of water being stored in the ground. Following Shuttleworth et al. (1989) , the instantaneous evaporative fraction is considered similar to its daily counterpart (Brutsaert & Sugita, 1992; Stewart et al., 1998) and is used to compute the daily actual evapotranspiration from the instantaneous latent heat fluxes:
where λE 24 is the 24-h actual evapotranspiration (mm day -1 ) and R n24 is the net radiation (mm day -1 ).
Methodological approach
Multi-date WiFS data covering the study area were georeferenced with Survey of India (SOI) topographical maps at 1:250 000 scale using ground control points (GCPs) and second-order polynomial transformation. An unsupervised classification algorithm (isodata clustering) was employed for grouping pixels into various land use/land cover classes. The land uses/land covers identified were: wheat, sugarcane, other crops, fallow, orchards, built-up land (urban areas), water-logged areas, riverbed and scrub (Fig. 1) . Wheat was classified with accuracy greater than 80% and the overall accuracy and kappa coefficient associated with classification are 80% and 0.77, respectively. MODIS 8-day composite images of radiometrically and cloud-corrected surface reflectance (250-m resolution) and surface temperature (1-km resolution) on selected days corresponding to each 8-day period were re-projected using the software MODIS Reprojection Tools (MRT) into geotiff files in the UTM/WGS-84/zone 43 projection system. A set of multi-date subset images of surface reflectance and surface temperature covering the study area was generated by study area boundary mask. Normalized difference vegetation index (NDVI) images were computed from the surface reflectance in red and NIR ranges. Surface albedo was computed by averaging reflectances in Band 1 and Band 2 of the MODIS sensor. The modelling of incoming longwave radiation was performed using air temperatures and humidity (Brutsaert, 1975) .
In some applications of SEBAL, the surface temperature of well watered pixels is suggested as the reference temperature for incoming longwave flux estimation (Morse et al., 2000) . At such pixels, air and surface temperatures take similar values. Hence, surface temperatures of well watered (cold) and dry pixels were identified in the study area for each image of land surface temperature and used to represent the reference height air temperature (T a ) for computation of δT a and, subsequently, sensible heat flux. Spatial variations in δT a are described by means of the areal patterns of each land surface temperature image (°C):
δT a = -10.953 + 0.417T s (R 2 = 0.39, N = 34)
The daily net radiation was computed according to Slob (De Bruin, 1987) , where surface albedo is assumed to be similar to surface albedo from satellite observations in the morning overpass, and using the 24-h version of incoming solar radiation (R s24↓ ) from temperature data (Bristow & Campbell, 1982) and atmospheric transmittance (τ sw ) (W m -2 ).
Incoming solar radiation (R s24↓ ) was computed using maximum and minimum temperatures for six meteorological stations and then interpolated using the Thiessen polygon method. Auxillary parameters such as declination, Earth-Sun distance, solar angle hour and zenith angle were computed from standard radiation physics.
The daily evapotranspiration in wheat was obtained by extracting pixels corresponding to classified wheat crop areas derived from the IRS WiFS-based classified land use/land cover map (Fig. 1(b) ). Daily actual evapotranspiration values thus obtained on selected Julian days in the vicinity of Kairana tehsil were compared with ET pan (pan evaporation) and ET 0 (Penman & Monteith equation -Allen et al., 1998) obtained using meteorological data of the neighbouring meteorological station located in Karnal, India.
RESULTS AND DISCUSSION
Knowledge of instantaneous fluxes of energy balance and latent heat flux for specific crops is not of much direct importance to irrigation planning and water management. -1 ) were attributed to more than usual foggy weather and cloud cover conditions, while comparatively high ET a on JD 73 (2.04 mm day -1 ) resulted from the attainment of maximum crop cover in wheat. Very high estimates of ET a on JD 89 (3.64 mm day -1 ), despite crop senescence, are mainly ascribed to high radiation loads up to mid-afternoon hours. Comparisons of histograms of actual daily ET on the above Julian days are shown in Fig. 3 . The histogram of ET a on the three days except JD 353 has approximately normal distribution while that on JD 353 has bi-modal distribution. The peak features of ET a were observed at 1.15 and 1.30 mm day -1 (JD 353), 1.30 mm day -1 (JD 25), 1.60 mm day -1 (JD 73) and 3.79 mm day -1 (JD 89). The boundaries of different tehsil were overlaid on actual ET images of wheat on all Julian days under study and frequency-weighted means were determined to represent temporal variation in actual ET at tehsil level (Fig. 4) . The temporal variation in ET a showed that northeastern tehsil, particularly Muzzafarnagar and Jansath, have high evapotranspiration rates in wheat through the crop season, while Meerut tehsil experienced lower ET a in wheat during the crop season. These differences are attributed to the amount of radiation received and the proportion of crop cover. High radiation load and a greater proportion of perennial sugarcane crop in northeastern part may contribute to increased actual ET estimated with the coarse-resolution (1-km) MODIS sensor. The actual ET in wheat was found to increase through the growing season, except for a few days. The foggy weather and cold waves on JD 361 resulted in a low ET a rate. However, high ET a rates during the maturation period of wheat, i.e. JD 89 onwards, can be attributed to clear skies with high radiation loads. During the period up to the achievement of maximum vegetation growth on JD 73, ET a rates are more responsive to canopy cover in wheat.
The validation of these remotely sensed actual ET estimates of wheat from SEBAL is done by comparison with ET pan and ET 0 obtained from pan evaporation measurements and the Penman-Monteith method, respectively. The average of daily ET a of wheat fields in Kairana tehsil was compared with ET pan and ET 0 from the nearest meteorological station located at the Central Soil Salinity Research Institute (CSSRI), Karnal (Fig. 5) . The correlation coefficient of ET a estimates from remote sensing with ET pan and ET 0 are 0.948 and 0.921, respectively. The bias (mean difference between satellite derived actual ET in wheat and conventional estimates averaged over all observations) associated with ET pan and ET 0 attained the values of -0.18 mm and 0.80 mm, respectively. The actual ET values from SEBAL were found to be underestimated for more than 50% of the cases from ET pan and relative deviation was observed within 25% with respect to ET pan for 70% of cases. These results of underestimation match the expectations on the differences of ET values between open water bodies and wheat crop. The higher estimate of ET a compared to ET pan in some cases is justifiable as these events mainly correspond to the maximum growth stage in wheat. However, actual ET of wheat was remarkably lower than the reference evapotranspiration (ET 0 ) obtained by the Penman-Monteith equation.
CONCLUDING REMARKS
SEBAL methodology was applied to MODIS images. These satellite measurements were supplemented with routine measurements of meteorological elements, viz. temperature, windspeed and humidity. Lack of data on sunshine hours was one of the probable reasons for inaccuracy of evapotranspiration estimates achieved in western UP. Spatially-distributed actual ET in wheat can be achieved using MODIS standard products. Actual ET estimates of wheat were found to be lower during the early crop growth period as compared to the peak crop growth and senescence stages. Remotely sensed estimates from SEBAL are within the expected differences of ET values between open water bodies (ET pan ) and wheat. Actual ET estimates had better agreement with ET pan (pan evaporation) than with ET 0 (Penman-Monteith method). The possible reason for the large deviation of actual ET estimation using coarse resolution (1-km) MODIS sensor is large spatial heterogeneity of crop types and small field size. However, it is of paramount importance for future end-user applications, since MODIS is freely available through Internet download and its processing levels are well standardized.
